General
Sulfate attack is a type of deterioration resulting from chemical reactions which occur when concrete is exposed to solutions containing a sufficiently high concentration of dissolved sulfates (SO 4 2-). Sulfate attack has been reported in many parts of the world (Miller and Manson 1951; Mehta 1975; Al-Amoudi 1998; Tangtermsirikul 2003; Baingam et al. 2012) . This is particularly prevalent in sulfate containing regions such as in water or in soils. Necessary conditions for sulfate attack should be investigated and preventive measures should be taken to eliminate or minimize the damage due to sulfate attack. Therefore, there is a need to clarify the mechanisms of sulfate attack for proper practices.
Blended cements are defined as hydraulic cements consisting of an intimate and uniform blend of a number of different constituent materials (ACI 116R-00 2000). They are produced by intergrinding Portland cement clinker with other materials or by blending Portland cement with other materials or a combination of intergrinding and blending. Recently, pozzolans and byproducts such as fly ash, silica fume, blast furnace slag and filler material such as limestone powder are typically recommended for improving the properties of concrete. When used as partial replacement of cement, they modify both the physical and the chemical properties of the hydrated products and improve the impermeability (Berry and Malhotra 1980; Rachel et al. 1996; Heikal et al. 2004) Limestone powder (LP) has been increasingly used in the concrete industry as a filler in concrete mixture or as a component in blended cement, for many years. It is applied in high performance concrete as well as in normal concrete. Studies related to the mechanical properties of concrete incorporating LP were carried out to achieve the reliability needed for increasing its usage (Kaewmanee et al. 2006) . Moreover, there have been numerous studies in Thailand on the durability of LP cement concrete when exposed to aggressive conditions (Thasanakosol et al. 1999; Sukayanudist et al. 2009; Ponpo et al. 2010; Wattanakul et al. 2010 (Tsivilis et al. 1999; Tsivilis et al. 2002) . However, there are few studies to compare the effect of intergrinding and replacing on the properties of limestone cement, especially on sulfate resistance.
This study aimed to investigate sulfate resistance properties of the interground limestone cement and compare its properties with that of the limestone powder replacing cement. The sulfate resistance performances of mortar specimen exposed in NS and MS solutions were evaluated by measuring expansion and loss in weight. In order to describe the mechanisms of the difference, studies on microstructure and product composition were also conducted.
Experimental tests

Materials and mix proportions
The mortar mixtures used were prepared with OPC 1 (Ordinary Portland cement) and OPC 5 (Sulfateresisting cement) Portland cements of commercial grade complying with TIS 15 P1-2004. Two interground limestone cements, with 10% and 20% limestone by mass (ILC10 and ILC20), were used in this study. All of the Portland cements and the interground cements were manufactured by a cement manufacturer in Thailand. Chemical composition, physical properties and particle size distributions of all tested powder materials are shown in Table 1 and Fig. 1. In addition, Figs. 2(a)-2(b) show the scanning electron microscopy images (SEM) of the interground limestone cements while Fig.  2(c) is for limestone powder used in the LP replacing cement. The figures show that the sizes of LP in the interground limestone cement are relatively smaller than those of the limestone powder used in the LP replacing cement. The LP used for LP replacing cement in this study was a fine grain LP, with a mean particle size of about 3.2 microns, and was manufactured by a limestone powder supplier in Thailand. The chemical composition and physical properties of the LP are shown in Table 1 . The particle size distributions of the LP are also presented in Fig. 1 .
Twelve different mixture conditions of the tested mortars were designed for the tests (see Table 2 ). The mortar mixtures were made from various cements with a ratio by volume of sand to cement of 2.75. Water to binder ratio was controlled at 0.40 and 0.55. LP was used at 10%, and 20% of the total powder materials. It should be noted that interground limestone cements (ILC10 and ILC20) were used to prepare the ILC mortar specimens while the specimens made from limestone replacing cement were prepared by mixing the limestone powder with cement and then other ingredients in the mortar mixer during the mortar mixing. The methods for preparing mortar specimens and testing the sulfate expansion are according to ASTM C 157. To study the microstructural characteristics, X-ray Diffraction (XRD), Mercury Instrusion Porosimetry (MIP), Thermogravimetric Analysis (TGA) and Scanning Electron
Microscopy with Back-Scatter Electron Mode (SEM/BSE) with EDX analysis techniques were conducted on pastes with water to binder ratio of 0.40 for all mix proportions.
Sulfate resistance test
Mortar bar specimens (25x25x285 mm) and mortar cube specimens (50x50x50 mm) were prepared in accordance with ASTM C 1012 and ASTM C109, respectively. Immediately, after casting, the molds were covered with plastic sheets and the specimens were demolded at one day of age. After demolding, all bars and cube specimens were stored in a plastic tank of saturated limewater for 28 days. After that the specimens were immersed in plastic tanks containing sulfate solutions. The sodium sulfate ( 2-of 33,800 ppm or 5% by weight of solution) whereas 42.36 g of magnesium sulfate (MS) was used to prepare the magnesium sulfate solution in order to obtain the same concentration of SO 4 2-as that of the NS solution. The solutions were mixed 24 hours before use, and stored at a constant temperature of 30±2 o C. The volume ratio of the sulfate solution to specimens in each storage container was approximately 4 to 1. The solutions were replaced every two months of exposure.
Expansion was measured on mortar bar specimens according to ASTM C1012. After 28 days of curing in saturated lime water, the initial length of the mortar bar specimens was measured by using a length comparator. Subsequently, they were placed in the sulfate solutions and the length change was measured at various ages of exposure. A value of expansion was obtained from the average of three specimens. In addition, the mortar cube specimens immersed in MS solution were subjected to weight loss testing by measuring the difference between the initial weight of the specimen after 28-day immersion in water and the weight of the specimen after immersion in sulfate solutions, indicated in % of the initial weight.
Microstructure observations and product characterization
Before initial exposure and after a certain period of exposure, the paste specimens were collected from the containers and washed in acetone to stop further hydration. In order to determine the mechanisms of sulfate attack of mixtures with interground and replacing cements, microstructure observations and product characterization were conducted. X-ray Diffraction (XRD) with Rietveld analysis was used to identify phases and amount of the products formed by sulfate attack. Mercury Intrusions Porosimetry (MIP) was used to measure total porosity and average pore size, and Thermogravimetric Analysis (TGA) was used to determinate Ca(OH) 2 content in the specimens. Scanning Electron Microscopy with Back-Scatter Electron Mode (SEM/ BSE) with EDX analysis was utilized to identify formation of products such as gypsum, M-S-H, and CaCO 3 .
Results and discussion
Expansion 3.1.1 Expansion in NS of interground limestone and limestone powder replacing cement mortars
Relationships between the expansion and period of immersion in NS solution of OPC and blended cement mortar bar specimens with w/b of 0.40 and 0.55 are shown in Fig. 3 (Sirisawat et al. 2014) . These data indicated that, for specimens placed in NS solution, the expansion of OPC 1 cement mortar was, as generally known, higher than that of an OPC 5 cement specimen. A smaller quantity of C 3 A of OPC 5 cement (1.7%) than that of OPC 1 (5.5%) leads to less ettringite. At higher w/b (0.55), the effect of composition of cement becomes more significant. For the specimens made from interground limestone cement (ILC), the expansion of ILC10 mortar bar specimen was significantly larger than that of ILC20 mortar bar specimen but still lower than that of the OPC 1 mortar. This is partly because of lower Ca(OH) 2 when comparing between the amount of Ca(OH) 2 in an ILC specimen (ILC10, ILC20) and that of the OPC 1 specimen, as shown in Fig. 4 (Sirisawat et al. 2014) . The incorporation of limestone also reduces the amount of C 3 A in the ILC. limestone powder by weight), the expansion of 10% and 20% LP replacing cement mortars immersed in NS solution was significantly smaller than that of the OPC 1 mortars and was close to or even smaller than that of the OPC 5 mortars, as shown in Figs. 5 (Sirisawat et al. 2013) . This is similar to the case of interground limestone cement, because OPC 1 cement replaced with limestone powder has a smaller quantity of C 3 A and produces less Ca(OH) 2 than OPC 1 due to the partial replacement of limestone powder.
Expansion comparison between interground limestone and limestone powder replacing cement mortars in NS
For mortar bar specimens made from interground limestone cement (ILC) and LP replacing cement (with 10% and 20% limestone by weight), the relationships between expansion and period of exposure in NS solution are shown in Fig. 6 . The expansion of interground limestone cement was higher than that of the LP replacing cement specimens. This is due to smaller average pore size and lower total porosity of the ILC paste, as can be seen in Figs. 7(a) and (b) , causing smaller spaces for deposition of the expansion products in the paste matrix of the ILC mortars. Figure 8 shows the comparison of expansion in NS and MS solutions of limestone replacing cement mortars (Sirisawat et al. 2013) . The figures show that the expansion in MS solution of these specimens was higher than that in NS solutions when compared at the same immersion period. This is in contrast to the behaviors of other types of binder system that usually produce larger expansion in NS solution than in MS solution. This is because MS solution decreases the pH of the system. For the system with LP, there occurred dissolution of CaCO 3 from the limestone powder that contributed to gypsum formation (Irassar et al. 2003; , which is confirmed by SEM in Figs. 9(a) and (b) . This increases the expansion of the specimens. Figure 10 presents the effect of blending method and content of binders on weight loss of mortar cube specimens with w/b of 0.55 immersed in NS solutions for 1,700 days. It is obvious from this figure that no significant weight loss in each mixture was found. Some specimens in NS solution still gained weight or had very low weight loss although the test period had reached 1,700 days. These weight loss results do not provide any useful information for evaluation of NS resistance as the mechanism of NS attack is mainly the ettringite formation which results in expansion rather than weight loss (Al-Amoudi et al. 1995) .
Expansion comparison between mortar specimens immersed in NS and MS
Weight loss 3.2.1 Weight loss in NS of interground limestone and limestone powder replacing cement mortars
Weight loss in MS of interground limestone and limestone powder replacing cement mortars
For MS solutions, relationships between the weight loss and period of immersion of interground limestone and limestone powder replacing cement mortar cube specimens are shown in Figs. 11 and 12 , respectively. These data indicated that, for specimens placed in MS solution, ILC cement specimens showed smaller weight loss than the limestone replacing cement specimens did with their weight loss equivalent to that of the OPC 5 specimens. In addition, the ILC cement with 20% LP gave smaller weight loss than the ILC cement with 10% LP.
In MS solution, the ingress and diffusion of magnesium ions (Mg 2+ ) into a specimen are limited because of their low diffusivity, causing deteriorated products such as gypsum and M-S-H near the surface of specimen (Irassar et al. 2003; ; El-Hachem et al. 2012). MgSO 4 reacts with Ca(OH) 2 , forming gypsum (CaSO 4 .2H 2 O) and brucite (Mg(OH) 2 ) near the surface. As conversion of Ca(OH) 2 to Mg(OH) 2 takes place, pH in the cement matrix is gradually reduced. When pH decreases, C-S-H is unstable and easy to decalcify into M-S-H, causing a reduction in binding properties (Lee 2007) . Eqs. (1) to (3) present the mechanism of MS attack (Cohen and Bentur 1988 
For a system with limestone, the solubility of CaCO 3 is a function of the pH value. The MS attack was found to decrease the pH causing higher dissolution of CaCO 3 , as shown in Eq. (4), which contributes to gypsum formation, as in Eq. (5) and Figs. 9(a) and (b) . Magnesite in Eq. (6) and dolomite in Eq. (7) (Sirisawat et al. 2014; Sirisawat et al. 2013) were also formed in the limestone powder specimens which were exposed to MS solution. Formation of gypsum, magnesite, and dolomite resulted in less weight loss and less severe surface etching of ILC specimens since the formation mitigated the conversion of C-S-H to M-S-H in MS attacking mechanisms. Due to magnesite and dolomite formation, the Mg 2+ ions in pore solution were reduced (Eqs. (1) The formation of magnesite and dolomite of systems with LP in MS solution was confirmed by the results of XRD analysis as shown in Fig. 13 (Sirisawat et al. 2014) . It was found that much more magnesite and dolomite were detected in LP cement paste specimens than in the OPC specimen.
Another reason supporting the lower weight loss of limestone powder specimens than that of the OPC specimen was that the precipitation layer of calcite was found on the exposed surface of the ILC and LP replacing cement paste, as shown by SEM images in Figs.  14(a) and (b) . This layer helped delay the ingress of magnesium ions into the paste. Figure 15 shows that the ILC cement mortars exhibit lower weight loss than the LP replacing cement specimens do. This is because ILC cement specimens had lower average pore size and total porosity, so they are denser than the LP replacing cement specimens as mentioned before (see Fig. 7 ). Specimens made from ILC cement lost less weight than those made from the LP replacing cement.
Weight loss comparison between interground limestone and limestone powder replacing cement mortars in MS
Conclusions
The study on sulfate resistance of mortars made from interground limestone and limestone powder replacing cements indicated that the limestone replacing cement had advantages over the interground limestone cement in NS solution since it is less susceptible to the expansion due to higher porosity, which increased available spaces for ettringite deposition. On the other hand, the specimens made from interground limestone cement lost less weight than those made from the limestone replacing cement because of lower average pore size and total porosity, making the specimens denser. For mortars containing limestone powder in MS solution, the MS decreased the system's pH. There occurred higher dissolution of CaCO 3 from the limestone powder, which contributed to more gypsum formation as well as resulted in formation of magnesite and dolomite. This mitigated the conversion of C-S-H to M-S-H, and then resulted in less weight loss and less severe surface etching than the specimens made from OPC. Amount of products, % Dolomite Magnesite Fig. 13 Amount of magnesite and dolomite by XRD analysis of OPC1 paste and interground limestone cement pastes (ILC10 and ILC20) (Sirisawat et al. 2014) . 
